Gene delivery to differentiated hepatocytes is notoriously difficult. Hepatocytes plated on collagen-coated dishes and maintained in dimethyl sulfoxide (DMSO)-supplemented medium acquire paracellular junctions, arrange themselves in multicellular islands and are an excellent in vitro model for studying liver function. Baculovirus-mediated gene delivery to hepatocytes in this culture system is restricted to peripheral cells of the islands. However, this limitation can be overcome by transient calcium depletion of the cells prior to and during baculovirus infection. Examination of the mechanism underlying this process revealed that calcium depletion was accompanied by a transient loss of intercellular contacts and paracellular junction complex integrity, increased distance between adjoining cells, and internalization of the tight junction protein, zona occludens ZO-1.
Introduction
Primary rat hepatocytes plated on rat tail collagen-coated plates can be maintained in serum-free, chemically defined medium supplemented with dimethylsulfoxide (DMSO) for greater than 1 year. 1, 2 As in the in vivo liver, hepatocytes under these conditions retain hepatocyte morphology, secrete high levels of albumin, and do not synthesize DNA or proliferate, but retain the potential to proliferate. 1, 3 The cells are mononucleated and binucleated, and ultrastructural analysis has shown that the hepatocytes contain large numbers of mitochondria and extensive rough and smooth endoplasmic reticulum, indicating that the cells are intact and metabolically active. 2 During the first 3 days following plating, primary rat hepatocytes exist as a single-cell monolayer. Shortly thereafter, the hepatocytes move on the collagen matrix into multicellular islands (HC Isom, unpublished data). 1, 2, 4 This dynamic motility is observed throughout the lifetime of the culture. Paracellular junctions with desmosomes are apparent, as are numerous bile canaliculi with microvilli. As the cultures age, hepatocytes within the islands become tightly packed together and paracellular junction complexes between adjoining cells are observed by electron microscopy. 2, 5 The baculovirus Autographa californica multiple nucleopolyhedrovirus (AcMNPV) can efficiently deliver genes to numerous mammalian cell types including hepatic cells. [6] [7] [8] [9] [10] [11] [12] [13] [14] Recently, we have characterized baculovirusmediated gene delivery into long-term primary rat hepatocytes maintained in a chemically defined medium supplemented with DMSO.
14 Baculovirus-mediated gene transfer in this culture system was dose-dependent and restricted to peripheral cells of hepatocellular islands when extracellular calcium was present during baculovirus infection. However, when hepatocyte cultures were preincubated and infected in calcium-free medium supplemented with the calcium chelator EGTA, baculovirus-mediated gene transfer efficiency increased. This enhanced efficiency was directly related to the uptake of baculovirus by internal cells in hepatocyte islands.
Paracellular junction complexes separate the apical and basal regions and enable epithelial cells to maintain cell polarity and an electrically tight barrier between epithelial and endothelial cells. Junctional complexes found in rat hepatocytes include the calcium-dependent tight junctions, adherens junctions, desmosomes, and gap junctions. [15] [16] [17] [18] [19] [20] Tight junctions, partially composed of occludin and zona occludens ZO-1 and -2 among other proteins, are the apical-most complexes that form continuous contacts and limit paracellular movement of molecules between adjoining cells. [21] [22] [23] Adherens junctions are cadherin-based adhesive contacts located below the tight junction in the junctional complex. Desmosomes, located below the adherens junctions, mediate intercellular adhesion and provide anchoring sites for cytoplasmic intermediate filaments. 21, 23 The gap junctions mediate cell-cell communication by diffusion of molecules through channels composed largely of connexins. 24 Several studies have determined that disruption of calcium-dependent paracellular junction complexes by EGTA improves viral infection efficiency in various tissues and polarized cell cultures. 14, 23, [25] [26] [27] [28] Transient depletion of extracellular calcium may overcome the inefficiency of baculovirus-mediated gene transfer by disassociating paracellular epithelial junction complexes and exposing the basolateral surface. We hypothesized that in normal medium, which contains calcium, the baculovirus binds and delivers its genome only to peripheral cells and baculovirus attachment, and entry to internal cells is prevented because paracellular junctions mask the baculovirus binding motif of these internal hepatocytes.
It is clear from our recent study that the use of recombinant baculovirus as a vector in combination with transient calcium depletion is a highly efficient method for delivering exogenous mammalian genes to highly differentiated rat hepatocytes in long-term DMSO culture.
14 However, to measure the value of this novel technology for gene transfer for in vitro and translative in vivo purposes, it is important to determine (i) the effects of calcium depletion on hepatocyte paracellular junctions that enable the baculovirus to enter the hepatocytes, (ii) the time course and reversible nature of these processes, and (iii) the effect of this gene transfer method on two liver-specific characteristics of hepatocytes, ultrastructure, and albumin gene expression. These goals are addressed in this study. We also discuss the potential relevance of our findings to the overall question of efficacy of viral gene therapy to epithelial cells.
Results

Depletion of extracellular calcium confers increased baculovirus-mediated gene delivery to long-term primary rat hepatocytes
Primary rat hepatocytes, plated on collagen-coated plastic dishes and fed a chemically defined medium supplemented with DMSO (control medium), exhibit motility and form multicellular islands. Depletion of extracellular calcium confers increased baculovirusmediated gene delivery to long-term primary rat hepatocytes ( Figure 1 ).
14 Primary hepatocytes in culture for 20 days were pretreated for 1 h and infected for 1 h with increasing multiplicities of CMV-lacZ baculovirus/ cell in control medium or calcium-free DMEM supplemented with 100 mM EGTA. At 24 h p.i., the cultures were fixed and stained for b-gal activity. Mock-infected cultures under control or 100 mM EGTA conditions displayed no b-gal activity (Figure 1a and b) . b-gal activity was restricted to peripheral cells when cultures were infected with 400, 800, or 1600 PFU CMV-lacZ baculovirus/cell under control medium conditions (Figure 1c, e, and g ). However, b-gal activity was considerably more homogeneous throughout the hepatocyte islands when cultures were infected with 400, 800, or 1600 PFU CMV-lacZ baculovirus/cell and pretreated and infected in calcium-free DMEM supplemented with 100 mM EGTA (Figure 1d , f, and h). In either medium condition, a dose-dependent increase in the percentage of cells expressing b-gal was observed. As can be seen from Figure 1 and was previously reported, 14 in the presence of calcium, baculovirus-mediated gene transfer to long-term cultures of primary rat hepatocytes was limited to hepatocytes on the periphery of the islands; at an moi of 1600 PFU/cell, the percentage of hepatocytes expressing the delivered b-gal transgene was approximately 10%.
14 However, in cultures pretreated and infected with 1600 PFU CMV-lacZ baculovirus/cell in Figure 1 Depletion of extracellular calcium conferred increased baculovirus-mediated gene delivery to long-term primary rat hepatocytes. At 20 days postseeding, primary rat hepatocytes in long-term DMSO culture were pretreated in either control medium or calcium-free DMEM supplemented with 100 mM EGTA for 1 h. Subsequently, cultures were either mock-infected or infected for 1 h with 400, 800, or 1600 PFU CMVlacZ baculovirus/cell diluted in either control medium or calcium-free DMEM supplemented with 100 mM EGTA. At 24 h p.i., primary hepatocyte cultures were stained for b-gal activity as described in the Materials and methods section. Cultures displayed no endogenous b-gal activity regardless of whether they were pretreated or mock-infected in control medium (a) or calcium-free DMEM supplemented with 100 mM EGTA (b). Cultures pretreated and infected in control medium at 400 (c), 800 (e), or 1600 (g) PFU CMV-lacZ baculovirus/cell. Cultures pretreated and infected in calcium-free DMEM supplemented with 100 mM EGTA at 400 (d), 800 (f), or 1600 (h) PFU CMV-lacZ baculovirus/cell. Figure 2 ). Prior to calcium depletion, cellcell contact was maintained throughout the culture as displayed in Figure 2a . When cultures were treated with calcium-free medium supplemented with 100 mM EGTA, paracellular junctions were disrupted and cells began separating from one another by 3.5 min of calcium depletion (Figure 2b) , as evidenced by the blurring of the transmissive field. The majority of paracellular junctions throughout the culture were disrupted by 12 min of treatment ( Figure 2c ) and large paracellular openings were observed between adjoining hepatocytes. Cell-cell separation and disruption of paracellular junction complexes became maximal by 30 min and remained so throughout the rest of the 1-h pretreatment period (Figure 2d and e).
Extracellular calcium depletion of primary rat hepatocytes resulted in internalization of the tight junction protein ZO-1
To determine if paracellular tight junctions are involved in the mechanism by which calcium depletion confers Figure 2 Loss of cell-cell contact and large paracellular openings were observed in primary rat hepatocyte cultures after calcium depletion. Primary rat hepatocytes, plated on collagen-coated plastic dishes and maintained in control medium for 20 days were treated for 1 h with calcium-free medium supplemented with 100 mM EGTA. Before cultures were refed with calcium-free medium supplemented with 100 mM EGTA, cell-cell contact was undisturbed (a). Cultures were examined for loss of cell-cell contact and formation of paracellular openings by light microscopy every 10 s after treatment with calcium-free medium supplemented with 100 mM EGTA. Hepatocytes began separating from each other by 3.5 min after calcium depletion (as indicated by the arrow and blurring of the visible field; b). A significant number of paracellular junctions throughout the culture were disrupted by 12 min (c). Maximal cell-cell separation and disruption of paracellular junction complexes were observed at 30 min (d). Paracellular junction disruption was apparent throughout the remainder of the 1-h pretreatment period (e; actual time was 59.75 min).
Enhanced gene transfer into hepatocytes JP Bilello et al increased baculovirus-mediated gene delivery, primary rat hepatocyte cultures were examined for ZO-1 localization. Primary rat hepatocytes in culture for 21 days were pretreated for 1 h and mock-infected for 1 h in control medium, calcium-free DMEM, or calcium-free DMEM supplemented with increasing concentrations of EGTA ( Figure 3 ) at which time the cells were fixed and analyzed for ZO-1 localization. In control medium (control), ZO-1 was observed along the cell membranes of adjoining hepatocytes. Membranes along the periphery of the multicellular hepatocyte islands displayed no ZO-1 immunolocalization, as was expected by the absence of cell-cell contacts. Under calcium-free medium conditions (Ca-free), ZO-1 was also observed along the plasma membranes of adjoining cells; however, the association between ZO-1 proteins of adjoining cells was relaxed compared to control medium conditions. A fraction of the cells within the calcium-free culture also demonstrated intracellular localization of ZO-1. ZO-1 was localized intracellularly when calcium-free medium was supplemented with 25, 100, 250, and 500 mM EGTA. The disassembly and separation of tight junctions after calcium depletion resulted in the centripetal retraction of ZO-1 from the apico-lateral borders of the hepatocytes. In an independent experiment, hepatocytes in culture for 28 days were pretreated for 1 h and mock-infected or infected with 400 PFU CMV-lacZ baculovirus/cell for 1 h in control, calcium-free, or calcium-free medium supplemented with 25 or 100 mM EGTA; the same differences in ZO-1 localization were observed as reported above for hepatocytes in culture for 21 days and mock-infected (data not shown). These results indicated that the effects of calcium depletion on ZO-1 were (i) independent of whether the cells were mockinfected or infected with baculovirus and (ii) were observed whether the hepatocytes were in culture for 21 or 28 days prior to calcium depletion.
Time course of ZO-1 relocalization following calcium replenishment of calcium depleted primary hepatocyte cultures ZO-1 localization studies were performed at various times following restoration of extracellular calcium to determine the time at which ZO-1 relocalized to the plasma membranes of adjoining cells. Primary rat hepatocytes in culture for 28 days were pretreated for 1 h and mock-infected or baculovirus-infected with Figure 3 Calcium depletion of primary rat hepatocytes resulted in internalization of ZO-1. At 21 days postseeding, primary rat hepatocytes were pretreated for 1 h in control medium (control), calcium-free DMEM (Ca-free), or calcium-free DMEM supplemented with 25 (25 mM), 100 (100 mM), 250 (250 mM), or 500 (500 mM) mM EGTA. Cultures were then mock-infected for 1 h in the same media, after which the cultures were fixed and assayed for ZO-1 localization as described in the Materials and methods section. (Figure 4a ). When cultures were pretreated and infected in calcium-free medium supplemented with 100 mM EGTA, centripetal retraction of ZO-1 was observed, localizing ZO-1 intracellularly, by the end of the absorption period (Figure 4b ). In cultures pretreated and infected in calcium-free medium supplemented with 100 mM EGTA and refed control medium, ZO-1 began to relocalize to the plasma membrane of individual cells by 1 h after calcium was restored to the culture ( Figure 4c ). By 3 h following calcium restoration, ZO-1 proteins between adjoining cells were partially reassociated, forming tight junctions ( Figure 4d ). By 12 h following refeeding with calcium, ZO-1 had completely relocalized to the plasma membranes of adjoining cells ( Figure 4e ) and no subsequent changes were observed at 24 (Figure 4f) , 48 , and 72 h after calcium was restored (data not shown). No difference in ZO-1 localization was observed between mock-infected and infected cultures at all times measured (data not shown).
Internalization of the tight junction protein ZO-1 following calcium depletion was accompanied by baculovirus infection in internal hepatocytes ZO-1 and baculovirus colocalization studies were performed to determine whether ZO-1 internalization following calcium depletion was accompanied by baculovirus infection to internal hepatocytes of multicellular islands. As displayed in Figure 5 , the presence of baculovirus in internal cells directly correlated with ZO-1 internalization. Primary rat hepatocytes in culture for 21 days were pretreated for 1 h and infected for 1 h in control medium, calcium-free DMEM, or calcium-free DMEM supplemented with 25 or 100 mM EGTA at which time the cells were fixed and analyzed by immunofluorescence for ZO-1 (indicated in red), and for baculovirus peplomers (indicated in green). In control medium (Figure 5a ), ZO-1 was observed along the cell mem- Enhanced gene transfer into hepatocytes JP Bilello et al branes of adjoining hepatocytes. Membranes along the periphery of the multicellular hepatocyte islands displayed no ZO-1 immunolocalization as was expected because cell-cell contacts are not present at the periphery of the island. In control medium, immunolocalization of baculovirus peplomers was restricted to peripheral hepatocytes in agreement with our previous observations. 14 Under calcium-free medium conditions ( Figure  5b ), ZO-1 was also observed along the plasma membranes of adjoining cells; however, the association between ZO-1 proteins of adjoining cells was relaxed compared to control medium conditions. A fraction of the cells within the calcium-free culture also demonstrated intracellular localization of ZO-1 and localization of baculovirus peplomers to internal cells of hepatocyte islands. ZO-1 was localized intracellularly and baculovirus peplomers were homogeneously observed through the hepatocyte islands when calcium-free medium was supplemented with 25 or 100 mM EGTA (Figure 5c and d). The colocalization studies made it possible to demonstrate that the presence of baculovirus within the internal cells of hepatocyte islands and ZO-1 internalization increased as the extent of calcium depletion increased.
Intercellular transport through paracellular junction complexes was compromised in primary rat hepatocytes treated with EGTA Direct cell-cell communication is mediated through gap junctions, which contain channels composed of connexins that connect adjoining cells. Molecular movement through these channels is relatively nonspecific and occurs by passive diffusion. 24 Several fluorescent dyes are able to diffuse freely through gap junctions, 24, [29] [30] [31] including fluorescein derivatives, such as anionic fluorescein, the hydrolyzed product of fluorescein diacetate (FDA). [32] [33] [34] [35] FDA is a nonpolar nonfluorescent fatty acid ester that freely enters living cells and is hydrolyzed by cellular esterases to produce fluorescein. The polar fluorescein accumulates intracellularly in cells with intact cell membranes, a phenomenon known as fluorochromasia. 36, 37 The accumulation or release of fluorescein after hydrolysis of FDA is dependent on the cell membrane permeability and integrity. [37] [38] [39] [40] Hepatocyte polarity in culture has been observed by examining the secretion of fluorescein from hepatocytes through gap junctions into intercellular clefts. 38, 41 When paracellular junction integrity is compromised, intercellular gap junction communication is disrupted, and fluorescein is able to passively diffuse out of the cells through the gap junctions. The fluorescein is not retained intercellularly and consequently, the fluorescein can be washed out of cells with compromised paracellular junctions by successive washings with PBS. When primary rat hepatocytes maintained for 21 days in a chemically defined medium supplemented with DMSO were pretreated for 1 h in control medium and infected with 400 PFU CMVlacZ baculovirus/cell for 1 h in control medium prior to treatment with FDA, the cells accumulated and secreted hydrolyzed fluorescein through gap junctions into intercellular clefts, as observed by the continuous fluorescence both intra-and intercellularly throughout the hepatocyte island (Figure 6a ; control). Cultures pretreated for 1 h and infected with 400 PFU CMV-lacZ baculovirus/cell for 1 h in calcium-free DMEM alone (Figure 6a ; Ca-free) or supplemented with increasing concentrations of EGTA (Figure 6a ; 25, 100, 250, or 500 mM) displayed an EGTA concentration-dependent loss in intracellular fluorescein accumulation. These findings demonstrate that the EGTA-mediated loss in Figure 5 Internalization of ZO-1 following calcium depletion was accompanied by baculovirus infection in internal hepatocytes. At 21 days postseeding, primary rat hepatocytes were pretreated for 1 h and infected for 1 h in control medium (a), calcium-free DMEM (b), or calcium-free DMEM supplemented with 25 (c) or 100 (d) mM EGTA at which time the cells were fixed and analyzed for ZO-1 (red) and baculovirus peplomer (green) localization as described in the Materials and methods section.
Enhanced gene transfer into hepatocytes JP Bilello et al paracellular junction complexes conferred a loss in intercellular communication (transport) and, thus, paracellular junction integrity. When cultures were pretreated for 1 h and mock-infected instead of being infected with baculovirus for 1 h in control, calcium-free DMEM, or calcium-free DMEM supplemented with various concentrations of EGTA, no difference in fluorescein accumulation or release was observed compared to CMV-lacZ baculovirus-infected cultures (data not shown). In addition, no difference in fluorescein accumulation or retention under control and calcium-depleted conditions was observed in hepatocytes in culture for 28 days compared to 21 days (data not shown).
Rebound of paracellular junction integrity following extracellular calcium restoration of calcium-depleted primary hepatocyte cultures
To determine the time point at which paracellular junction integrity was restored in hepatocytes pretreated and infected under 100 mM EGTA conditions, primary rat hepatocytes in culture for 28 days were pretreated for 1 h and mock-infected or infected with 400 PFU CMV-lacZ baculovirus/cell for 1 h in control medium or calciumfree DMEM supplemented with 100 mM EGTA. Following the absorption period, cultures were rinsed twice with PBS, refed with control medium containing calcium, and assayed for fluorescein accumulation and release at various times following calcium restoration. Cultures pretreated and infected in control medium displayed a continuous accumulation of fluorescein throughout the hepatocyte islands at the end of the absorption period ( Figure 6b ; control 0 h). When cultures are pretreated and infected in calcium-free DMEM supplemented with 100 mM EGTA, fluorescein accumulation within the islands was markedly reduced by the end of the absorption period (0 h after calcium restoration; Figure  6b ; 100 mM 0 h). Cultures pretreated and infected in calcium-free DMEM supplemented with 100 mM EGTA and refed in control medium began accumulating fluorescein homogeneously within islands 1 h following calcium restoration (Figure 6b; 1 h) . By 3 h after calcium Figure 6 Effects of calcium depletion on paracellular junction complex integrity (a) Intercellular transport through paracellular junction complexes was compromised in a concentration dependent manner. At 21 days post seeding, primary rat hepatocytes were pretreated for 1 h and infected with 400 PFU CMV-lacZ baculovirus/cell for 1 h in control medium (control), calcium-free DMEM (Ca-free), or calcium-free DMEM supplemented with 25 (25 mM), 100 (100 mM), 250 (250 mM), or 500 (500 mM) mM EGTA. Following infection, cultures were assayed for fluorescein accumulation or secretion as described in the Materials and methods section. (b) Rebound of paracellular junction integrity following extracellular calcium restoration of calcium depleted primary hepatocyte cultures. At 21 days postseeding, primary rat hepatocytes were pretreated for 1 h and infected with 400 PFU CMV-lacZ baculovirus/cell for 1 h in control medium (control 0 h) or calcium-free DMEM supplemented with 100 mM EGTA (100 mM 0, 1, 3, 9, and 24 h). Cultures were then rinsed twice with PBS and refed control medium. At 0 (control 0 h and 100 mM 0 h), 1 (1 h), 3 (3 h), 9 (9 h), or 24 (24 h) h after calcium was restored, cultures were assayed for fluorescein accumulation and release.
Enhanced gene transfer into hepatocytes JP Bilello et al was restored to the cultures, the accumulation of fluorescein was observed in a major portion but not all of the culture (Figure 6b ; 3 h). By 9 h after calcium was restored, cultures pretreated and infected in calcium-free DMEM supplemented with 100 mM EGTA accumulated fluorescein as well as control cultures (Figure 6b ; 9 h), indicating that paracellular junction integrity was restored by this time point. No further change in the pattern of fluorescein accumulation was observed by 24 ( Figure 6b ; 24 h), 48 , and 72 h after calcium restoration (data not shown). No differences in fluorescein accumulation were observed whether hepatocyte cultures were mock-infected or infected with baculovirus (data not shown).
Ultrastructural analysis of calcium-depleted primary rat hepatocytes
At day 20 postseeding, primary rat hepatocytes were pretreated in either control medium or calcium-free DMEM supplemented with 100 mM EGTA for 1 h. Subsequently, cultures were infected for 1 h with 400 PFU CMV-lacZ baculovirus/cell diluted in either control medium or calcium-free DMEM supplemented with 100 mM EGTA. At the end of the 1-h absorption period, one set of cultures was fixed and embedded for electron microscopy as described in the Materials and methods section. Parallel cultures were rinsed twice with PBS, refed control medium and fixed and embedded 12 and 24 h after calcium restoration. En face and transverse section electron micrographs were obtained. Paracellular junction complexes were intact in control cultures at the end of the absorption period (Figures 7a and 8a) . It is important to note that pretreatment and infection of cultures with 100 mM EGTA had no effect on the circularity of the hepatocyte nucleus (Figure 7e) . However, at the same time point, paracellular junction complexes were disassociated in cultures pretreated and infected in calcium-free medium supplemented with (Figures 7b and 8b) , demonstrating a loss in paracellular junction complex integrity. By 12 h after calcium restoration (Figures 7c and 8c ), paracellular junction complexes had reformed, demonstrating that the loss in paracellular junction integrity following EGTA-enhanced baculovirus mediated gene delivery is transient. The integrity of the paracellular junction complexes remained stable through 24 h after the restoration of calcium (Figures 7df and 8d) , demonstrating that EGTA-enhanced baculovirus-mediated gene transfer caused no permanent damage.
Albumin expression was unaffected by EGTAenhanced baculovirus-mediated gene transfer
Primary rat hepatocytes in culture for 21 days were examined for albumin mRNA expression utilizing the RNase protection assay (RPA). Cultures were pretreated for 1 h and either mock-infected or infected with 400 PFU CMV-lacZ baculovirus/cell for 1 h in either control medium or calcium-free DMEM supplemented with 100 mM EGTA. At the end of the absorption period, cultures were refed with control medium. At 24 and 72 h p.i., total cellular RNA was isolated and analyzed for albumin mRNA expression. Rat cyclophilin mRNA expression was used as a control. At 24 and 72 h p.i., no significant difference in albumin mRNA expression was observed whether cultures were pretreated and mock-infected in control medium or transiently exposed to calcium-free medium supplemented with 100 mM EGTA (Figure 9a and b) . In addition, at 24 and 72 h p.i., no significant difference in albumin mRNA expression was observed between mock-infected and baculovirus-infected cultures. Therefore, neither (i) pretreatment and infection of cultures with calcium-free DMEM supplemented with 100 mM EGTA nor (ii) infection with the CMV-lacZ baculovirus altered mRNA expression.
To determine the level of albumin protein expression following depletion of extracellular calcium and baculovirus infection, immunoblots were performed to detect albumin protein. The same infection conditions were used as described for the RPA except that the media conditions of calcium-free DMEM and calcium-free DMEM supplemented with 25 mM EGTA were also included. At the end of the absorption period, cultures Enhanced gene transfer into hepatocytes JP Bilello et al were refed with control medium. At 0, 12, and 24 h p.i., total cellular protein was isolated and analyzed for albumin protein expression (Figure 9c ). At all time points, no significant change in albumin expression was observed, regardless of whether baculovirus was present and/or cultures depleted of extracellular calcium.
We next wanted to determine the effect of EGTAenhanced baculovirus-mediated gene transfer on albumin expression by individual cells within the culture. The same infection conditions were used as described for the RPA. At the end of the absorption period and at 12 h p.i., cultures were fixed and stained for albumin. A brownish color in the cytoplasm is indicative of positive staining for albumin (Figure 10a ). When cultures were incubated with control antibody, no staining was observed (Figure 10a inset) . At the end of the absorption period, hepatocytes in culture pretreated and infected in calcium-free DMEM supplemented with 100 mM EGTA were morphologically different from control cultures and displayed a loss of paracellular junction complex integrity (Figure 10b ). However, albumin expression was not altered even though paracellular junction complex integrity was diminished. By 12 h p.i., the hepatocytes that were pretreated and infected in the medium containing 100 mM EGTA reformed paracellular junction complexes and the overall morphology returned to that observed for control cultures (Figure 10d compared to c). Albumin staining was observed equally in mock-infected cultures under the same media conditions (data not shown).
Discussion
We recently reported that treatment of primary rat hepatocytes maintained in long-term DMSO culture subjected to calcium depletion prior to and during baculovirus infection significantly enhanced baculovirus-mediated gene transfer.
14 Specifically, we demonstrated that: (i) Baculovirus can mediate efficient gene transfer into primary hepatocytes in short-and long-term culture using a system in which primary rat hepatocytes are plated on rat tail collagen-coated plates and fed a chemically defined medium supplemented with DMSO.
(ii) Hepatocytes in DMSO culture migrate to form Figure 9 Albumin expression was unaffected by calcium depletion of primary rat hepatocytes. (a) Albumin mRNA expression was unaffected by calcium depletion. At 21 days postseeding, primary rat hepatocytes were pretreated for 1 h in either control medium (i and ii) or calcium-free DMEM supplemented with 100 mM EGTA (iii and iv) and either mock-infected (i and iii) or infected with 400 PFU CMV-lacZ baculovirus/cell (ii and iv) for 1 h in the same medium. At 24 or 72 h p.i., total RNA was isolated and analyzed for the expression of albumin by RPA. (b) Quantitation of albumin mRNA expression after calcium depletion and baculovirus infection. Albumin mRNA expression for each condition was determined after normalization with cyclophilin mRNA expression. Standard deviation is indicated. (c) Albumin protein expression was unaffected by calcium depletion of primary rat hepatocytes. At 21 days postseeding, primary rat hepatocytes were pretreated and infected as for the RPA. At 0, 12, and 24 h p.i., total cellular protein was isolated and analyzed for albumin protein expression by immunoblot analysis. Establishing that calcium depletion in combination with the use of baculovirus is a highly efficient method for mediating gene transfer to primary hepatocytes was a highly important finding. However, it was necessary to understand the mechanism by which the process occurs. In addition, since the goal is to be able to use gene transfer to alter gene expression in a differentiated hepatocyte, it was important to establish whether the method altered the hepatocyte ultrastructurally or at the level of liver-specific gene expression. Based on the results presented in this paper, we conclude the following: (i) The depletion of extracellular calcium disrupted paracellular junctions and cell-cell contact within 3. Enhanced gene transfer into hepatocytes JP Bilello et al mediated gene transfer. Interestingly, immunohistochemical and immunogold electron microscopy demonstrated that the plasma membrane distribution of heparan sulfate in hepatocytes was restricted to the basolateral surface. 43 Disassociation of paracellular junction complexes exposes the basolateral surfaces of internal hepatocytes. Therefore, the increased efficiency of baculovirus-mediated gene transfer following calcium depletion may be because of the unmasking of a binding motif located on the basolateral surface of internal hepatocytes.
A barrier to the use of long-term primary hepatocytes for gain and loss-of-function studies has been the inability to transfect DNA efficiently into hepatocytes in in vitro culture systems. Many different gene delivery methods are available including cationic lipid-based DNA transfection [44] [45] [46] [47] [48] [49] and retroviral and adenoviral gene transfer vectors; [50] [51] [52] [53] [54] [55] however, the use of these methods for hepatocytes has not been effective because hepatocytes do not divide, are highly susceptible to toxicity, and transfection efficiencies in hepatocytes are extremely low (HC Isom, unpublished data). 11 Previous studies have reported baculovirus-mediated gene delivery to primary hepatocytes. 6, 11, 12 In these studies, baculovirus-mediated gene delivery was highly efficient (470%) and homogeneous. However, these studies were carried out using cells in short-term culture conditions and as such, the hepatocytes were poorly differentiated and do not have intact paracellular junctions. A major drawback in the use of baculovirus vectors for in vivo gene therapy is the inactivation of baculoviruses by the complement system. 56 Complement inactivation of baculoviruses can be overcome by the depletion of viral neutralizing factors in the sera prior to baculovirus infection. 12, 56, 57 The effects of the complement system have also been overcome by the generation of complement-resistant baculoviruses. 58 In order to test the efficacy of baculovirus vectors prior to in vivo gene therapy, an in vitro system of baculovirusmediated gene transfer with similar hepatocyte biology to the in vivo liver must be established. Rat hepatocytes plated on collagen-coated dishes and maintained in DMSO-supplemented medium are an excellent model system for studying liver function in vitro and closely resemble in vivo hepatocyte biology. This manuscript describes a novel mechanism by which baculoviruses can be used to transfer exogenous genes at high efficiency without adversely affecting the hepatocytes in culture. The use of baculovirus vectors in primary rat hepatocytes serves as an in vitro model system in which to test the efficacy of candidate baculovirus vectors prior to infection in vivo.
The data described in this manuscript also demonstrate a possible mechanism by which baculoviruses can be used to transfer genes at high efficiency to hepatocytes in culture prior to transplantation into the in vivo liver. Transplantation of hepatocytes that were transduced in culture by gene transfer methods, other than baculovirus-mediated gene delivery, has been demonstrated in a rat model system. [59] [60] [61] [62] However, only one study to date, with moderate success, has transduced hepatocytes in culture using a baculovirus vector and subsequently transplanted these cells in the liver. 10 Although no literature is available, baculovirus vectors may also be used to deliver exogenous genes to stem cells. Genetic modification of stem cells by baculovirus vectors would serve to correct genetic defects in successive cellular generations rather than in a single-cell generation. Baculoviruses can be used to transduce isolated stem cells in culture prior to reimplantation in vivo. As with any mammalian baculovirus vector, the gene of interest can be placed under control of a tissue-specific vector, resulting in tissue-specific expression of the desired gene. The use of baculovirus vectors with respect to stem cells could also be used to transduce stem cells prior to embryonic implantation, compensating for a genetic defect inducing embryonic lethality or lifelong birth defects.
Although our primary rat hepatocyte culture model cannot accurately mimic the three-dimensional spatial characteristics of the in vivo liver, the primary rat hepatocyte culture model demonstrates that baculoviruses cannot bind to and deliver exogenous genes to hepatocytes without interacting with the basolateral surface. The use of calcium depletion disrupts intercellular junctional contacts and allows baculovirus to interact with surfaces normally masked by paracellular junctions. It is important to further understand the mechanism underlying this phenomenon because similar findings have been observed in several different in vitro and in vivo tissue model systems of gene delivery. Polarized membranes, such as that of airway and hepatic epithelial cells, are resistant to gene transfer. Several studies have determined that disruption of calciumdependent intercellular junctions by EGTA improves viral infection efficiency in various tissues and polarized cell cultures. 23, 25, 26, 28 Previous evidence demonstrated that polarized apical membranes of normal human bronchial epithelial (NHBE) airway cells are resistant to lipofection. NHBE cells form multicellular islands similar to that of long-term primary rat hepatocyte cultures maintained in DMSO. 2, 63 In the presence of calcium, lipid/plasmid DNA complexes only bound to and internalized into poorly differentiated peripheral cells of NHBE islands, but not into the well-differentiated internal cells of the islands. Pretreatment of polarized NHBE cells with calcium-free or EGTA-containing medium, in order to deplete extracellular calcium, exposed the cellular basolateral membranes by opening up the tight junctions. Depletion of extracellular calcium resulted in a 55-85-fold increase in liposome-mediated gene transfer to NHBE cells with no adverse effects to the cultures. 63 Retroviral-mediated gene transfer to epithelial cells has been hindered by several inherent nonspecific barriers, most predominantly by a lack of receptor expression on the apical membranes on these polarized cells. 64 Although retroviral vectors have potential therapeutic use for cystic fibrosis, the major complication has been the delivery of the retroviral vector into polarized well-differentiated airway epithelium. Retrovirus transduction requires the interaction of the retrovirus with a receptor on the basolateral surface of the epithelial cell. Primary cultures of human airway epithelia plated on collagen-coated semipermeable membranes are resistant to retroviral-mediated gene transfer. Stimulation of airway epithelial cells with keratinocyte growth factor (KGF) causes these cells to proliferate and express the receptor necessary for retroviral transduction on the basolateral surface. However, interaction of the retroviral vector with the basolateral surface of these cells is hindered by paracellular junctions. 23, 28, 64 RetroviralEnhanced gene transfer into hepatocytes JP Bilello et al mediated gene transfer to rabbit airway epithelial cells in culture and in vivo was significantly increased following the disruption of paracellular junctions by EGTA, which acted to increase transepithelial permeability. Further, adenoviral-mediated gene transfer was enhanced in vitro and in vivo following calcium depletion and rabbit tracheal epithelia by EGTA. 23 When primary airway epithelial cultures were pretreated with KGF and exposed to EGTA prior to and during infection with recombinant retrovirus, gene transfer efficiency increased significantly over untreated cultures, with up to 35% of cells positive for the transgene. It was subsequently shown that the increase in transepithelial permeability, which conferred increased gene transfer efficiency, was because of the disruption of calciumdependent paracellular junctions. 28 Infection of intestinal epithelial cells with human cytomegalovirus (CMV) results in a restricted pattern on infection similar to what has been observed for infection of epithelial cells by viral gene transfer vectors. Therefore, even though CMV is not routinely used as a gene transfer vector, understanding CMV infection of epithelial cells may be applicable to viral gene transfer vectors. Caco-2 intestinal epithelial cells in culture arrange themselves in multicellular islands in a similar manner to primary rat hepatocytes and NHBE cells in culture. 2, 63 Infection of Caco-2 intestinal epithelial cell cultures by CMV was inefficient and limited to peripheral cells suggesting that CMV enters polarized Caco-2 cells preferentially through the basolateral membrane. 25 To overcome this limitation, the investigators pretreated the cultures with 100 mM EGTA in Krebs Ringer solution to deplete extracellular calcium stores, and therefore disrupt paracellular junctions and polarity, exposing the basolateral cell surface. Following cellular depolarization and disruption of paracellular junctions, efficiency of CMV infection increased and was homogeneous throughout the culture. The cellular effects of calcium depletion were fully reversible and did not cause significant cytopathology to the Caco-2 cell cultures. 25 There are many advantages to the use of recombinant baculoviruses for gene therapy to hepatocytes in longterm DMSO culture. (i) Baculovirus can harbor very large pieces of DNA. 65, 66 (ii) Baculovirus can efficiently infect nondividing cells and is not cytopathic. (iii) More than one recombinant baculovirus can be delivered in a simultaneous infection to a single hepatocyte, thereby making it possible to transfer multiple genes to primary rat hepatocytes. (iv) Transient depletion of extracellular calcium results in delivery of exogenous genes to greater than 75% of hepatocytes in long-term DMSO culture. Overall, we conclude that the temporary disruption of paracellular junction complexes by the EGTA-enhanced method of baculovirus-mediated gene transfer not only provides an effective technique for delivering exogenous genes to primary rat hepatocytes so that gain-of-function and loss-of-function studies can be carried out, but one that does not have any adverse effects on hepatocytes at the times critical for monitoring the expression and effects of the exogenously introduced genes. Although the data are not shown in this study, we have found that the technique of EGTA-enhanced baculovirus-mediated gene transfer can be successfully applied to hepatocytes in long-term DMSO culture for 10, 20, or 30 days without adverse effects on hepatocyte differentiation. The use of long-term primary rat hepatocyte cultures provides an in vitro model system for elucidating baculovirus binding and internalization to hepatocytes, which will facilitate development of advanced methods of gene delivery to the liver in vivo.
Materials and methods
Cell culture
Sf21 insect cells (Invitrogen, Carlsbad, CA, USA) were maintained in Grace's insect medium supplemented with yeastolate, lactalbumin hydrolysate (Life Technologies, Gaithersburg, MD, USA) and 10% fetal bovine serum (FBS; HyClone, Logan, UT, USA) in a nonhumidified incubator at 281C without CO 2 . Primary rat hepatocytes were maintained in DMEM/F12 (Life Technologies) supplemented with insulin (0.06 mg/ml), glucagon (0.04 mg/ml), dexamethasone (0.4 mg/ml), transferrin (100 mg/ml), epidermal growth factor (EGF; 25 ng/ml; Sigma Chemical Co., St Louis, MO, USA), 1 mM [+]-a-tocopherol (Sigma), and 2% DMSO (Sigma) in a humidified incubator at 371C with 5% CO 2 .
1,2 At designated days postseeding, primary rat hepatocyte cultures were infected with CMV-lacZ baculovirus at the indicated PFU/cell in either: (1) DMEM/F12 supplemented as mentioned above (hereafter referred to as control medium) after a 1-h pretreatment in the same medium; or (2) 
Construction of CMV-lacZ baculovirus
The CMV-lacZ baculovirus was a kind gift of FM Boyce (Massachusetts General Hospital, Boston, MA, USA). The pCMVlacZ transfer vector used in producing the CMV-lacZ recombinant baculovirus was constructed based on a derivative of pBacPAK9 (Clontech; Palo Alto, CA, USA) with a modified polylinker. This plasmid contains a 758 bp HindIII-XbaI fragment of the human CMV immediate early promoter excised from pCMV-EBNA (Invitrogen), a 3.0 kb NotI-NotI lacZ fragment, and an 850 bp BamHI-BglII fragment derived from pRSVneo containing SV40 splice and polyadenylation sequences. 67 The transfer plasmid was recombined with linear viral DNA from BakPAK6 viral DNA (Clontech) after lipofection of Sf21 cells as described. 68 The virus was plaque-purified three times prior to amplification.
Infection of primary rat hepatocytes with recombinant CMV-lacZ baculovirus
Primary rat hepatocytes from male Fischer F344 rats (180-200 g; Charles River Breeding Laboratories) were isolated and plated as described in Isom and co-workers. 2 At designated days of infection, duplicate plates of cells were trypsinized, and viable cell number was determined with a hemocytometer using Trypan blue exclusion. Average cell counts were calculated and used to determine the volume of high-titer CMV-lacZ baculoEnhanced gene transfer into hepatocytes JP Bilello et al virus stock necessary to infect cells at the indicated multiplicity of infection. Baculovirus stocks and titers were prepared in Sf21 insect cells as described in Delaney and Isom. 69 Baculovirus was diluted in DMEM/F12 (control medium), calcium-free DMEM, or calcium-free DMEM medium supplemented with a designated concentration of EGTA to a final volume of 0.5 ml. Incubation of cultures with baculovirus for less than 40 min resulted in decreased gene transfer efficiencies, whereas no difference was observed if cultures were incubated for X1 h (data not shown). Therefore, baculovirus was absorbed to primary rat hepatocytes for 1 h at 371C with gentle rocking every 15 min to ensure even distribution of the inoculum. Following infection, cultures were washed twice in PBS, then refed with DMEM/F12 control medium containing calcium.
In situ b-gal staining with X-gal At designated times following infection with CMV-lacZ baculovirus, primary rat hepatocyte cultures were washed once with PBS containing 2 mM MgCl 2 . Cultures were then fixed for 5 min in PBS containing 2% formaldehyde and 0.05% gluteraldehyde. Cultures were washed twice in PBS. Substrate/stain solution (PBS containing 5 mM potassium ferricyanide, 5 mM potassium ferrocyanide, 2 mM MgCl 2 , and 1 mg/ml X-gal solubilized in dimethyl formamide (DMF)) was applied and cultures were incubated in a 371C humidified incubator containing 5% CO 2 for appropriate times to allow the appearance of b-gal activity. Cultures were then rinsed once in PBS and fixed at room temperature for 10 min in 10% phosphate buffered formalin. Following fixation, cultures were rinsed once in PBS and stored at 41C in PBS containing 0.2% sodium azide. Cultures were observed for b-gal activity on an inverted microscope. At each medium condition, the number of cells positive for b-gal in three random fields was determined and the percentage of b-gal-positive cells was calculated.
Immunohistochemistry
At the indicated days after seeding, primary rat hepatocyte cultures were pretreated for 1 h with control medium or calcium-free medium supplemented with 100 mM EGTA and mock-infected or infected for 1 h with CMV-lacZ baculovirus in the same medium as described above. Cultures were then refed control medium. At the indicated days postinfection, cultures were washed three times in PBS and fixed in ethanol acetic acid (1:100) for 1 h at 41C. Cultures were then rinsed in 100% ethanol and dehydrated in 100% ethanol overnight. The following immunohistochemical staining procedure was carried out at room temperature. Cultures were rinsed three times in PBS and stained for albumin using the peroxidase DAKO LSAB+ Kit as described by the manufacturer (DAKO Corporation, Carpinteria, CA, USA). Briefly, endogenous peroxidase was quenched by incubation of cultures with 10% hydrogen peroxide in methanol for 20 min. Cultures were then rinsed three times in PBS. Endogenous biotin was blocked using the DAKO Biotin Blocking System (DAKO) according to the manufacturer's instructions. Cultures were incubated in primary anti-albumin antibody specific for rat (ICN Biomedicals, Inc., Aurora, OH, USA) or control goat IgG antibody (ICN Biomedicals, Inc.) for 30 min followed by three washes in PBS. Cultures were then incubated with a biotinylated anti-goat secondary antibody for 30 min and washed three times in PBS. Streptavidin peroxidase was applied to the cultures and incubated for 15 min, followed by three washes in PBS. Cultures were incubated in substrate-chromagen solution until the appearance of brown staining in the anti-albumin specimens. Staining was terminated by five rinses in distilled water. Cultures were counterstained with hematoxylin (Immunon, Pittsburgh, PA, USA) for 3 min and rinsed five times in distilled water. Cultures were incubated in 0.2% ammonia water for 5 min, followed by five rinses in distilled water. Coverslips were applied and specimens were viewed by standard light microscopy.
Immunofluorescence
At the indicated times following calcium depletion, cultures were fixed in 1% phosphate-buffered paraformaldehyde (Electron Microscopy Sciences, Fort Washington, PA, USA) for 10 min at room temperature. Cultures were rinsed twice in PBS and permeabilized with 0.2% Triton X100 (Sigma) for 10 min at room temperature. Cultures were then incubated for 1 h in a blocking solution containing 10% bovine serum albumin (BSA) and 0.1% Triton X-100 in PBS. Primary rat anti-ZO-1 antibody (a kind gift from Dr TW Gardner, Penn State University College of Medicine, Hershey, PA, USA) specific for rat and/or primary rabbit anti-gp64 baculovirus peplomer antibody (a kind gift of Dr FM Boyce) was applied and incubated at room temperature for 2 h. Following five rinses in PBS+0.1% Triton X-100, cultures were incubated for 1 h in a Cy-2 and/or Cy-3 conjugated secondary antibody specific for rat or rabbit IgG, respectively (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, USA), diluted in PBS+0.1% Triton X-100. Cultures were rinsed three times in PBS+0.1% Triton X-100 and overlayed with coverslips. ZO-1 and baculovirus gp64 peplomer immunolocalization were observed by immunofluorescence microscopy.
Paracellular junction integrity assay
Loss of paracellular junction integrity was measured by the inability of the primary rat hepatocytes in culture to retain the fluorescein metabolic product of FDA. Calcium-depleted or control cultures were washed four times in control medium. Cultures were then incubated for 45 min in DMEM/F12 containing 2 ng/ml FDA (Molecular Probes, Eugene, OR, USA) at 371C. Cultures were then washed five times with PBS and overlayed with coverslips using Prolong Antifade mounting medium (Molecular Probes). Cultures were observed for fluorescein retention by immunofluorescence microscopy.
Electron microscopy
Primary rat hepatocytes plated on Permanox culture dishes (Electron Microscopy Sciences) were fixed, without removal from the cell tissue culture dish, with 1% paraformaldehyde (Electron Microscopy Sciences) and 0.5% gluteraldehyde (Electron Microscopy Sciences) in 0.1 M sodium cacodylate buffer (Electron Microscopy Sciences; pH 7.3) for 1 h at 41C. The cells were post-fixed in 1% osmium tetroxide plus 1.5% potassium ferrocyanide overnight at 41C. The cultures were then dehydrated by graded ethanol incubations and embedded in Epon 812 (Electron Microscopy Sciences). Ultrathin Enhanced gene transfer into hepatocytes JP Bilello et al (B70 nm) sections were cut from the embedded cultures and stained with uranyl acetate and lead citrate before visualization on a transmission electron microscope (Philips EM400, Einhoven, The Netherlands).
Time-lapse photomicroscopy
At the indicated day after seeding, primary rat hepatocyte cultures were treated with calcium-free medium supplemented with 100 mM EGTA for 1 h. During this treatment, transmissive micrographs at a final magnification of Â 200 were obtained every 10 s using a Nikon phase contrast microscope and Image Pro-Plus software (Phase 3 Imaging Systems, Glen Mills, PA, USA).
RNase protection assay
The RPA was performed as described. 70 The primers used to produce the specific templates were: for rat albumin, forward 5 0 -CCCTCAATAGCTGCT-GACTTTGTTG-3 0 and reverse 5 0 -T7ACGGCGTTTTG-GAATCCATAC-3 0 ; and for rat cyclophilin, forward 5 0 -ATGGTCAACCCCACCGTGTTCTTC-3 0 and reverse 5 0 -T7ATGCCAGGACCTGTATGCTTCAGG-3 0 . The 'T7' sequence corresponds to the T7 RNA polymerase promoter. The sizes of each of the PCR products were 314 for rat albumin and 290 nt for cyclophilin. RNA was harvested from a single 60-mm dish of primary hepatocytes using the method of Chomczynski and Sacchi. 71 Total (5 mg) RNA was used for each reaction mixture. The RNA was hybridized to 16 500 cpm of each [ 32 P]CTP-labeled probe, and unhybridized probe was removed by treating the hybridization mixture with RNase A. The protected probes were separated using a 4% urea-PAGE sequencing gel and the fragments visualized and quantitated using a Phosphorimager and ImageQuant software (Molecular Dynamics, Sunnyvale, CA, USA). The amount of protected probe in relation to the cyclophilin internal control was calculated using the volume measurements from the Phosphorimager. Amounts of protected probe are expressed as fold difference compared to DMEM/F12 control media.
Immunoblot analysis
Cultures were rinsed in triplicate with PBS and lysed for membranous protein in RIPA buffer (150 mM NaCl, 50 mM Tris-Cl (pH 7.4), 1% NP-40 (Sigma), 12 mM deoxycholic acid (Sigma), and 50 ml/ml Protease Inhibitor Cocktail for Mammalian Cell Extracts (Sigma)). Lysates were centrifuged at 6400 g for 10 min at 41C and the supernatant was collected. Protein concentrations were determined by the bicinchroninic acid assay using BSA protein standards (Sigma). 72 A total of 10 mg of protein were diluted in Laemmli buffer and analyzed by SDS-polyacrylamide (12%) gel electrophoresis under reducing conditions (3% b-mercaptoethanol). 73 Proteins were transferred by electroblotting onto a nitrocellulose membrane (Osmonics, Minnetonka, MN, USA) and stained with Ponceau S (Sigma) to verify equal loading of the gels. Blots were blocked in 5% milk in TBS-Tween for 1 h at room temperature. Blots were incubated in primary anti-albumin antibody specific for rat (ICN Biomedicals, Inc.) for 1 h at room temperature. After three washings with TBS-Tween, secondary antibody conjugated to horseradish peroxidase was applied for 1 h at room temperature, followed by an additional three washes in TBS-Tween. Bound antibodies were visualized by chemiluminescence.
Statistical analyses
All RNase protection experiments used at least triplicate samples for each treatment condition studied, and statistical analyses were performed with JMP 3.0.2 (SAS Institute, Cary, NC, USA) using ANOVA, then Dunnett's test versus control, or Tukey-Kramer test for multiple comparisons as appropriate. The null hypothesis was rejected for P values less than or equal to 0.05.
